Precipitation of calcium carbonate minerals from aqueous solution induces surfacecontrolled kinetic stable Ca isotope fractionation, where the magnitude of fractionation depends on the relative rates of ion attachment to and detachment from the mineral surface.
INTRODUCTION
Advances in the measurement of stable isotope variations of cations such as Ca, Fe, and Mg (Johnson et al., 2004) provide novel perspectives on mineral formation processes relative to the isotopes of more commonly used elements like C, O, H, S, and N. Calcium plays a major role in biogenic and inorganic processes central to the global carbon cycle (Gussone et al., 2003; Chang et al., 2004; DePaolo, 2004; Fantle and DePaolo, 2005) . Precipitation of calcium carbonate minerals from aqueous solutions produces about 0.0 to 2.3 fractionation of 44 Ca/ 40 Ca between solid and aqueous phase (i.e. Skulan and DePaolo, 1999; Gussone et al., 2003; Lemarchand et al., 2004; DePaolo, 2004; Tang et al., 2008; Reynard et al., 2011) , with light calcium isotopes preferentially incorporated into the solid phase.
The origin of Ca isotope fractionation associated with carbonate mineral precipitation is still uncertain, although there is increasing evidence of kinetic control. Kinetic isotope fractionation can arise from the mass dependence of diffusive aqueous and lattice transport rates (Richter et al., 2006; Bourg and Sposito, 2007) , and the mass dependence of reaction rate constants. Both processes should result in the light isotope being preferentially incorporated into the solid phase. Available evidence suggests that diffusive fractionation of 44 Ca/ 40 Ca is not likely to exceed about 0.5 (Bourg et al., 2010) . Both biogenic and inorganic calcium carbonate precipitation typically occur far from chemical equilibrium, so transport and surface-controlled effects -those that occur during the attachment of ions to or detachment of ions from the crystal bulk at the mineral-aqueous interface -are likely to determine reaction rates (Morse and Arvidson, 2002) and probably control isotope separation (DePaolo, 2011; Nielsen et al., 2012) . Surface-controlled kinetic effects are also discernible in O isotopes during calcite precipitation (Kim and O'Neil, 1997; Dietzel et al., 2009 ).
Experimental and field investigations of Ca isotope fractionation during calcium carbonate precipitation have largely focused on aqueous solutions with seawater-like compositions, where the calcium ion activity greatly exceeds the carbonate ion activity a Ca 2+ >> a CO
2− 3
, and near-neutral pH (Gussone et al., 2003 (Gussone et al., , 2004 Lemarchand et al., 2004; Gussone et al., 2005; Böhm et al., 2006; Tang et al., 2008 , such as in alkaline lakes or CO 2 -rich springs, it is possible that diffusive aqueous transport could be important and could mask surface reaction effects.
In situ atomic force microscope (AFM) observations of calcite precipitation reveal a significant solution stoichiometry dependence of calcite growth kinetics (Larsen et al., 2010) .
Kinetic isotope fractionation is also likely to be affected by solution stoichiometry (Nielsen et al., 2012) . Although no experiments have explicitly demonstrated the dependence of the calcium isotope fractionation factor on a Ca 2+ :a CO
, natural laboratories exist for which the stoichiometry dependence of calcium isotope partitioning may be tested. Precipitation of calcium carbonate from alkaline lakes, where mixing of calcium-rich springs and carbonate-rich lake water drives mineral precipitation, provides one such proving ground.
In this study, we measured the Ca isotopic composition of calcium carbonate precipitated from an alkaline lake. The primary objectives were to determine if there is evidence that solution stoichiometry affects isotope partitioning during carbonate formation from alkaline solutions, and to characterize Ca isotope fractionation in this environment. More generally, the alkaline lake environment is a microcosm of the global Ca cycle (cf. Rocha and DePaolo, 2000) , but one that can be more fully characterized, so it presents an opportunity to test models for Ca isotope fractionation in the weathering cycle.
[ Figure 1 about here.] Mono Lake is a highly alkaline closed-basin lake east of the Sierra Nevada in eastern central California ( Fig. 1 ). Freshwater and Ca are delivered to the lake by streams and springs. Evaporation concentrates the dissolved constituents leading to precipitation of abundant calcium carbonate, both in sediments at the lake bottom and near the shore where 4 spring water enters (Russell, 1889; Cloud and LaJoie, 1980) . In the near-shore environment, calcite, aragonite and magnesian calcite precipitate where the spring water mixes with the high-pH, high CO 2− 3 (aq) lake water, producing tufa towers that grow upward from the lake bottom. The precipitation of tufa is believed to be primarily an inorganic process (Dunn, 1953) , despite the abundance of organisms embedded in tufa (Scholl and Taft, 1964) . Nevertheless, the role of organic matter in tufa formation has yet to be fully established. The modern lake maintains a high (Ω > 10) oversaturation with respect to calcium carbonate (Bischoff et al., 1993) , probably due to inhibition of carbonate precipitation by phosphate (soluble reactive phosphate (SRP) > 600 µM; Bischoff et al., 1993; Jellison et al., 1993b) .
METHODS

Sampling
Samples of carbonate tufa and Mono Basin waters were collected during the summers of 2009 and 2010. GPS coordinates for collection locations were recorded at the time of sampling. For each water sample, pH, temperature and conductivity were measured with a Thermo Scientific Orion StarTM Series pH and conductivity meter. Conductivity measurements were field calibrated with a 1413 µS/cm conductivity standard, and pH 4, 7 and 10 NIST-traceable buffers were used to calibrate pH prior to each measurement, and the 2 standard deviation (s.d.) uncertainty on each measurement is 0.03 pH units. Analyses of lake water pH are likely to be somewhat inaccurate due to the large difference in junction potential between the lake water and calibration buffers. All water samples were filtered through a 0.2 µm mesh to remove particulates, acidified on-site, and stored in 250 mL Milipore Stericup polystyrene flasks. Acidification of high alkalinity samples caused the evolution of CO 2 , but this should not alter the cation composition of the samples. Mono Lake water samples 9, 10, 11 and 12 were collected offshore at various depths using a deep-water sampler. A single Mono Lake water sample collected in 2010 was filtered, refrigerated and not acidified for alkalinity and anion analysis. All fluid samples collected for this study were stored at room temperature and analyzed within 6 months of collection.
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Lake bottom sediment (LBS) samples 1 and 2 were collected via Ekman grab and coring, respectively. Sample LBS 3 was obtained from the top few centimeters of a shoreline push core. Dense lithoid tufa samples were chipped off of tufa towers either above the lake surface or shallowly submerged. These tufa towers formed when the lake level was considerably higher than today, likely during the Holocene (Whiticar and Suess, 1998) . No actively precipitating towers were observed at the time of sampling.
Archived lake and spring water samples were also obtained. These samples were stored at room temperature in sealed LDPE (lake water) or glass (spring water) containers to limit evaporation, and were only analyzed for Ca and Sr concentrations and isotopes. Spring waters were stored for no more than 9 years, and lake waters were stored up to 15 years.
Archived samples were acidified in their original containers prior to analysis to ensure that any secondary phases formed since collection were incorporated into the sample aliquot.
Geochemical calculations
To evaluate the driving forces for carbonate precipitation, equilibrium speciation of lake and spring water was calculated using CrunchFlow 2007 (Steefel, 2009) . This code uses an extended Debye-Hückel formulation to calculate the activity coefficients for aqueous species including Ca 2+ and CO 2− 3 . The original thermodynamic database does not contain magnesian calcite, a major constituent of tufa precipitated at Mono Lake. High (15 mol% Mg) and low (7 mol% Mg) magnesian calcite (Mg x Ca 1−x CO 3 ) were added to the database to account for these phases. The mol% MgCO 3 in Mono Lakes high magnesium calcite was previously determined to be 17% (Scholl and Taft, 1964) , which is close to the value chosen for entry into the thermodynamic database. The form of high-and low-magnesian calcite precipitation reactions incorporated in the database is as follows:
Magnesian calcite ion activity product (IAP) values were taken from Bertram et al. (1991) , where the product is expressed as:
The a values represent ionic activities, and x represents the mole fraction of Mg 2+ incorporated into the solid. Stoichiometry and IAP values for high-Mg and low-Mg calcite reactions at 25
• C included in the database are presented in Table 1 (Bischoff et al., 1987; Bertram et al., 1991) . The molar volume of magnesian calcite was assumed to be the same as that of calcite, 36.9 cm 3 /mol.
Thermodynamic driving force for mineralization is reported as the saturation index (SI = log(IAP/K sp )), where K sp is the mineral solubility product. Speciation calculations predict supersaturation with respect to dolomite, but no dolomite is observed, probably because of kinetic limitations to significant Mg incorporation and dolomite precipitation (cf. Morse et al., 2007) .
[ Table 1 Reproducibility of analyses is better than ± 5 %RSD, and all measured species were well above instrumental detection limits.
Total dissolved inorganic carbon (DIC) was measured using a Shimadzu TOC-V CSH .
Fluid samples were injected into the IC reaction vessel containing a continually sparged phosphoric acid solution. Volatilized CO 2 was measured by a non-dispersive infrared gas analyzer (NDIR) using TOC-Control V software. Anions were analyzed using a Dionex ICS-2100 with AS-DV autosampler and KOH (potassium hydroxide) eluent. Sample fluid was injected into the column and analyzed using Chromeleon 7 software. Both DIC and anion analyses have a 0.05 ppm detection limit, and an RSD of 2 %.
RESULTS
[ [ Figure 2 about here.]
Compositions of stream waters
Stream waters flowing from the Sierra Nevada constitute the main flux of water and chemical constituents to the lake (Garrels and Mackenzie, 1967) Ca-depleted spring waters are not thought to contribute significantly to tufa formation.
Composition of Mono Lake water
Mono Lake water is spatially variable in both Ca and Sr isotopic composition. The The concentration and calcium isotopic composition of Mono Lake water changes dramatically with time (Figs. 6 and 4), while the strontium isotopic composition remains nearly invariant, despite the short residence time of both (5-25 yr and ∼ 20 yr respectively).
Between 1950 and the mid-1990s, most reported lake water calcium concentrations are approximately 4 ± 2 ppm (EIR, 1993; Bischoff et al., 1993; Jellison et al., 1993a; Neumann and Dreiss, 1995) , so we infer that this concentration represents the long term average lake water calcium concentration. Between 1996 and 2010, the calcium concentration has varied between 2.5 and 12.5 ppm, indicating variability in the lake water calcium budget. Concentration is strongly correlated with δ 44/40 Ca in lake water; calcium-rich (12.5 ppm) lake water is light (-0.17), while calcium-poor (2.5 ppm) lake water is extremely heavy (2.14).
The rapid changes in calcium isotope composition are expected considering the short (5-25 yr) residence time of calcium in Mono Lake. The isotopic composition of 4 ppm Mono Lake water -δ 44/40 Ca = 0.80 -likely reflects the long term average composition of the lake.
Compositions of precipitated carbonate minerals
Tufa sampled from the northern lake shore falls within a narrow range of 87 Sr/ 86 Sr, 0.70891-70902 (Table 3) . The average 87 Sr/ 86 Sr of calcium-depleted shoreline springs located adjacent to sampled tufa, 0.7083(4), is lower than tufa, 0.7090(3), with a probability (p) of the null hypothesis equal to 3e-6 from the two-sample equal variance student's t test.
The average 87 Sr/ 86 Sr of Mono Lake water is higher than tufa, and this difference is also statistically significant (p = 0.01). The tufa Sr isotopic composition is a measure of the proportions of water from different sources. Assuming a reasonably constant Mono Lake water Sr isotopic composition, the measured ranges and values indicate that the Sr isotopic composition of tufa is controlled primarily by Mono Lake water, but with a minor spring water contribution. 
DISCUSSION
Mono Lake Ca isotope budget
The Ca budget of Mono Lake is schematically portrayed in Fig. 3 . Most calcium enters the basin via streams from the Sierra Nevada (EIR, 1993; Tomascak et al., 2003) , which contain dissolved mineral weathering products (e.g. Garrels and Mackenzie, 1967 (Li, 1995) . Using the current lake area of ∼ 1.8×10 8 m 2 , the rate of Ca sedimentation at the lake bottom is F cs = 1.72×10 6 kg Ca/yr. When the lake is at steady state with respect to calcium supply and removal (F SN = F cs + F T f ), tufa precipitation must account for ∼ 22 % of the Ca flux from Mono Lake. This value is presumably an upper limit, because the lake area was significantly larger than its current size throughout most of the Holocene.
We use isotopic mass balance to model the calcium isotope variability of Mono Lake water between 1996 and 2010 following DePaolo (2004) . No isotopic data are available for Mono Lake water preceding 1996, so we did not attempt to reconstruct the Mono Basin calcium budget prior to this date. The rate of change of δ 44/40 Ca Lk can be written as: 1) where N Ca is the total moles of calcium in Mono Lake, and δ We modeled the recent calcium budget for Mono Lake by accounting for observed changes in lake water volume and calcium concentration (Fig. 4) . To calculate the rate of change in calcium isotopic composition in a given year, calcium fluxes to and from the lake must be determined (Eq. 4.1). Assuming stream flow and evaporation constitute the primary fluxes of water to Mono Lake, the flux of stream water to the lake (F s ) may be determined from the expression,
where F EV is the evaporative flux of water from the lake. The basin is assumed to maintain a constant F EV of 1.7 × 10 11 L/yr, which equates to 1.2 m of evaporation from the lake annually at its current volume. Estimates of evaporative flux from the lake range between 0.89 -1.2 m/yr (EIR, 1993). The fluxes of calcium to (F SN ) and from (F C ) the lake may be calculated from, In the absence of major stream flow variability or the onset of meromixis, the lake water should return to a steady state composition within ∼10 years, the current residence time of calcium in the lake. The simple budget presented here confirms that carbonate minerals precipitated in Mono Basin are isotopically lighter than their source fluids. A thorough analysis of the driver for CaCO 3 precipitation is needed to more precisely quantify this offset and its underlying cause.
[ Figure 4 In this section, we employ thermodynamic and kinetic calculations to investigate the driving force for carbonate mineralization in Mono Basin. Our x-ray diffraction data from solid tufa samples and shoreline crusts reveal that tufa is primarily composed of aragonite, with lesser amounts of high-and low-magnesian calcite (Table 2) . Calculated saturation indices of minerals in mixed spring and lake water end-member solutions (Table 4) demonstrate that the saturation index (SI) of all tufa CaCO 3 decreases monotonically with the fraction of freshwater added to the lake water, even when Ca-rich waters enter the lake (Fig. 5) . The addition of Ca-rich groundwater apparently does not promote tufa precipitation, because the process does not increase SI. Based on the abundant tufa located along the lakeshore, it is clear that spring water mixing facilitates CaCO 3 precipitation in some way, so the distribution of carbonate minerals must be kinetically controlled.
[ Figure 5 about here.] Orthophosphate is known to inhibit the precipitation of calcium carbonate minerals by forming inner-sphere complexes on actively precipitating surface sites (e.g. kinks) of nascent calcium carbonate nuclei and of growing layers (Dove and Hochella, 1993; Lin and Singer, 2006) . The preservation of high lake water carbonate mineral supersaturation has been attributed to the high concentration of orthophosphate in Mono Lake (∼60 ppm Bischoff et al., 1993) . However, the effect of the changing orthophosphate concentrations associated with mixing between lake and spring water has not previously been considered.
In the remainder of this section we evaluate the role of orthophosphate in tufa formation. Burton and Walter (1990) derived an empirical relationship between phosphate concentration and speciation and calcium carbonate precipitation rate from seawater. For aragonite, The precipitation rates of aragonite and magnesian calcite calculated from Eqs. 3 and 4 are shown in Fig. 5 plotted against the fraction of lake water in a mixture of lake and spring water. The maximum aragonite precipitation rate is obtained for mixtures with 98% lake water. The calculated calcite precipitation rate is highest for pure lake water and decreases markedly with the addition of spring water. This calculation shows clearly that aragonite is the preferred precipitate, which is consistent with the predominance of aragonite in tufa.
In pure lake water, however, the calculation predicts that both calcite and aragonite should precipitate at reasonable rates. This latter result suggests that carbonate in the lake bottom sediment should have a larger proportion of calcite relative to aragonite in comparison with tufa. The carbonate mineralogy of Holocene lake bottom sediments deposited at water depths greater than 7 m is predominantly calcite, whereas aragonite dominates the carbonate fraction of shallow water core samples (Newton, 1994) .
Precipitation kinetics are controlled by elementary ion attachment and detachment reactions at the mineral aqueous interface, and these same reactions control isotopic composition (e.g. Nielsen et al., 2012) . In the following section, we consider the effects of mixed growth solution composition on ∆ 44/40 Ca.
Mixing and Fractionation
[ Table 5 .
The calcium isotopic composition of a calcium-rich spring, Tufa spring, was used as the end-member spring δ 44/40 Ca = -0.80 (Table 3) . The calcium isotopic composition of Tufa spring is similar to Sierra Nevada stream water, so it likely represents the primary Ca composition entering the lake. The 87 Sr/ 86 Sr representative of northern springs adjacent to sampled tufa, 0.7083(4), was used as the end-member spring strontium isotopic composition. Since tufa and crusts are localized precipitates, their Sr isotopic composition should only be affected by nearby spring and lake water, which directly supply the Ca and Sr involved in growth. The end-member lake water calcium isotopic composition is equal to the lake water isotopic composition of long term average (4 ppm) lake water, with δ 44/40 Ca = 0.80, and the end-member lake strontium isotope composition is equal to the current lake water average value of 0.7091(2)). We calculate the isotopic compositions of water mixtures from:
In this equation, C is concentration, δ is the isotopic composition ( 87 Sr/ 86 Sr or δ 44/40 Ca), and x spr is the mass fraction of spring water in the mixture. A mixing line based on solutions of Eq. 4.6 for Sr and Ca is depicted as a dashed line in Fig. 7 . The δ 44/40 Ca value of the water from which the calcium carbonate samples precipitated is estimated from the value given by this line for the 87 Sr/ 86 Sr value of the sample. Fraction of lake water may also be calculated using this mixing relationship (Table 6 ). In general, the water mixtures have slightly lower δ 44/40 Ca than lake water. We cannot verify the composition of mixed or endmember fluids present at the time of carbonate formation, so our estimates of mixing and fractionation must be considered as approximations.
[ Figure 7 about here.]
Calculated fractionation factors associated with tufa precipitation from mixed lake and spring water are presented in (Gussone et al., 2003; DePaolo, 2004; Lemarchand et al., 2004; Gussone et al., 2005; Tang et al., 2008) . Despite the fact that lake bottom sediment carbonates contain a greater proportion of calcite compared with the primarily aragonitic tufa towers (Table 2) , they are more strongly fractionated than tufa or shoreline crusts. Aragonite is isotopically lighter than calcite when precipitated under similar conditions (Gussone et al., 2005) , so mineralogy apparently does not control calcium isotope fractionation in this system.
Ikaite precipitation has been observed during the winter months at Mono Lake, and it has been hypothesized that tufa are formed in part by an ikaite precursor (Bischoff et al., 1993; Whiticar and Suess, 1998) . Calcium isotope fractionation between ikaite and aqueous solution is smaller than for either calcite or aragonite, up to ∆ 44/40 Ca ∼ -0.7 (Gussone et al., 2011) . It is possible that ikaite precipitation contributed in part to the calcium iso-topic composition of tufa, but ikaite deposits are delicate and ephemeral, easily dispersed by waves and unstable for much of the year. It is likely that thinolitic tufa (calcite pseudomorphs) were formed by ikaite transformation (Whiticar and Suess, 1998) , but no thinolitic tufa was analyzed in this study. Given the dearth of evidence supporting ikaite transformation to dense lithoid tufa, we do not explore this potential mechanism further here. (Larsen et al., 2010) , so it might be expected that Ca isotope fractionation could also depend on solution stoichiometry. The calcium to carbonate ratio could affect kinetic isotope fractionation in two ways: (1) through mass dependent rates of ion transfer to the mineral surface, and (2) through mass dependent ion attachment and detachment reactions with the mineral bulk. In this section we evaluate the potential effects of these mechanisms on the isotopic compositions of precipitated carbonate minerals.
Solution stoichiometry dependence of tufa fractionation
Transport control alone is easily ruled out based on the observed magnitudes of ∆ 44/40 Ca C .
If diffusive transport of Ca in solution were rate-limiting for calcite or aragonite growth, ∆ 44/40 Ca C would not be expected to exceed ∼-0.45 , the magnitude of Ca 2+ ion diffusive isotope separation (Bourg et al., 2010) . Because the calculated fractionation factor of most carbonate minerals reported in this study significantly exceeds this threshold value, we propose that the observed kinetic isotope fractionation is primarily controlled by the kinetics of ion attachment and detachment at the mineral surface.
Mono Basin carbonate mineral ∆ 44/40 Ca and associated growth solution stoichiometry calculated from the mixing of spring and lake water endmembers is plotted in Fig. 8 .
Carbonate crusts grown from solutions with a large proportion of spring water, and a correspondingly high a Ca 2+ :a CO
2− 3
, have smaller fractionation factors. Lake bottom sediments precipitated from pure lake water with a very low a Ca 2+ :a CO may inhibit isotopic equilibration between the growing mineral surface and solution (Nielsen et al., 2012) .
[ Figure 8 (Nielsen et al., 2012) . The net isotopic fractionation factor α p -the calcium isotopic fractionation factor during precipitation -may be expressed:
where α f is the kinetic end-member fractionation factor, α eq is the equilibrium calcium isotope fractionation factor between CaCO 3 and solution, P Ca is the probability that a given kink site is occupied by calcium, and P CO 3 is the probability that a kink site is occupied by carbonate. Fractionation factor α p is equivalent to the ratio of 44 Ca/ 40 Ca in the solid divided by the ratio of 44 Ca/ 40 Ca in the fluid. Kink site probabilities may be expressed in terms of elementary exchange coefficients and the activities of calcium and carbonate in solution:
and Larsen et al. (2010) obtuse step velocities, a fitted equilibrium fractionation factor of α eq = 0.9996 and a fitted kinetic end-member fractionation factor of α f = 0.9985. Attachment and detachment rate coefficients (k and ν values) and details of the fitting and calculation procedures may be found in Nielsen et al. (2012) . Isotope fractionation as a function of solution stoichiometry of Mono Basin carbonate minerals is plotted in Fig. 8a , and modeled fractionation factors are compared with calculated values in Fig. 8b . The fractionation factor calculated for Mono Basin carbonates decreases with increasing a Ca 2+ :a CO
, in agreement with the modeled trend.
As previously discussed, ion transport to the mineral surface cannot be the sole controlling factor determining the Ca isotope fractionation factor. Nevertheless, the slower diffusive transport of 44 Ca to the mineral surface could cause the surface aqueous 44 Ca/ 40 Ca to be lower than in bulk solution. This effect would tend to increase α p , decreasing the magnitude of ∆ 44/40 Ca, so that the full fractionation that would apply in a well-stirred fluid would not be observed. Overall, considering the likely uncertainties in our estimates of growth solution composition, the Mono Lake data conform to the model well. We tentatively conclude that the theoretically-predicted solution stoichiometry dependence of Ca isotope fractionation is in fact observed in this natural system. However, based on the fact that our calculated aragonite fractionation factors (-0.6 to -1.1 ; Table 6 ) are smaller than previously-measured experimental values (-1.4 to -1.8 ; Gussone et al., 2003 Gussone et al., , 2005 , Mono Basin carbonate mineral growth may be partially diffusion-limited.
SUMMARY AND CONCLUSIONS
The Mono Lake carbonate cycle contrasts with the marine cycle in that it has high pH, low aqueous Ca concentration, and very low a Ca 2+ :a CO
2− 3
. We investigated the Ca isotope composition of Mono Lake waters, inflowing streams and springs, and precipitated 23 carbonate minerals to determine whether the a Ca 2+ :a CO
ratio affects the Ca isotope fractionation during carbonate mineral precipitation. The carbonate system in Mono Lake, which is a closed basin lake, works much like the marine cycle in that the δ 44/40 Ca of the dissolved Ca in the lake is displaced to higher values relative to that of the dissolved Ca in streams supplying the lake, due to the influence of Ca isotope fractionation during removal of dissolved Ca by carbonate mineral precipitation. However, unlike the case for the global oceans, the residence time of Ca in Mono Lake is short, and the Ca isotopic composition of the lake water is subject to both spatial variability and relatively extreme temporal variations of δ 44/40 Ca.
The isotopic fractionation of Ca during precipitation, ∆ 44/40 Ca C , is estimated by comparing the δ 44/40 Ca of tufa and lake bottom sedimentary carbonate to the average δ 44/40 Ca of Mono Lake water. There is uncertainty associated with this comparison because the lake is a dynamic system that is subject to both natural variations and human disturbances, and the ages of tufa and lake bottom sediment samples are not known precisely. The residence time of Ca in the lake is only about 10 years, and there is spatial variation in the δ 44/40 Ca of Mono Lake water of about 0.4 , and temporal variation of about 2.5 . Nevertheless, we observe that the δ 44/40 Ca of carbonate minerals is consistently lower than that of the lake water by up to 1.75(21) . This observation, combined with the observation that the lake water δ 44/40 Ca is higher than the average stream δ 44/40 Ca by about 1.1(2) , indicates that the average value of ∆ 44/40 Ca C for carbonate precipitation in Mono Lake must be about -1.1 , which is consistent with the ∆ 44/40 Ca T f values calculated from mixing (Table 6) . Diffusive Ca transport to the mineral-aqueous interface does not appear to be the primary control on Ca isotope incorporation into the bulk mineral, because the observed fractionation factors exceed the diffusive transport limit of ∼ -0.5 . Farkaš et al., 2007; Fantle and DePaolo, 2007) in general requires knowledge of precipitation rate, the stoichiometry of the growth solution and potentially other factors as well.
This clearly complicates the application of isotopes for seawater reconstruction, but also may mean that Ca isotopes may provide information on paleo-seawater composition. Nonequilibrium effects (i.e. kinetic or vital effects) are also important and must be accounted for in paleo-environmental reconstructions with C and O isotopes (e.g. Zachos et al., 2001) .
Understanding the controls on Ca isotope fractionation may bring new insights about kinetic processes controlling the isotopic composition of carbonate minerals, which could be useful in the interpretation of the C and O isotopic systems. (Bischoff et al., 1987) 97.7209 Low Mg Calcite 0.07 8.48 (Bertram et al., 1991) 98.9828 (Fig. 6) . (b) Calculated by difference between δ 44/40 Ca of solid and mixed water for a given strontium isotopic composition (Fig. 7) . Negit Is. (Table 3) . Details of solid sample position and mineralogy can be found in Table 2 . The location of the freshwater lake is
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